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Introduction
Bone wax is a sterile mixture of beeswax and isopropyl palmitate, a palm oil-based emollient, moisturizer, and thickening and anti-static agent. The chemical formula of bone wax is CH 3 (CH 2 ) 14 COOCH(CH 3 ) 2 , and it is used to control massive bleeding in thoracic surgery, orthopedic surgery, neurosurgery, and craniofacial surgery [1] [2] [3] . Although very effective in the control of bleeding due to tamponade action, bone wax is not an absorbable substance and may lead to adverse clinical consequences. Loss of bone grafts and persistent clinical infections due to the lack of bacterial clearance in the affected area were described in clinical reports 4, 5 . The severity of histological reactions to bone wax varies from inflammatory and foreign body reactions to intense fibrous reactions. Although not extensively described, late infection is rare but can occur months or years after surgery.
Several experimental studies reported the negative impact of bone wax in the osteogenesis of osseous defects because of a combination of inhibitory osteoblastic activities and a physical barrier that may prevent bone union 6, 7 , but none of the studies quantified the amount of bone formation using computerized tomography at long term postoperative period in an osseous defect and the presence of bone wax. Several types of osseous defects in the alveolar and cranial regions have been used to test engineering approaches to improve bone formation [8] [9] [10] . However, few of these defects were used to test substances used clinically and, in contrast, could negatively influence osteogenesis. The clinical consequences of some of those products should be considered in daily practice.
The objective of this study was to quantify the amount of bone formation after a long-term postoperative period in Wistar rats that underwent craniotomy using bone wax as a haemostatic agent. Additionally, we accessed the histological reaction to bone wax after surgery, aiming to identify late infection and/or foreign body reaction.
Methods
All experiments were performed in accordance with the guidelines set by the Standing Committee on Animal Research of the Institution. Adult male, 4-month-old Wistar rats weighing 350 to 500g were housed individually in a temperature-, light-, and humidity-controlled environment. Animals were fed a standard diet preoperatively. Postoperatively, animals were fed a normal diet ad libitum.
Surgical procedure
Animals were anesthetized using an intraperitoneal injection (0.3 mL/100 g body weight) of ketamine hydrochloride (5%) combined with xylazine (2%). Skin and underlying soft tissues, including the periosteum, were exposed to allow bone surgery. Surgery to produce bilateral, symmetric, full-thickness cranial defects (area: 18 mm 2 ) was performed in eight animals (total of 16 defects in 8 animals). The defect was standardized using methylmethacrylate mold. The right side of the cranium remained open and was used as a control. The edges of the bone defect on the left side were filled with bone wax over the bony rim, simulating a clinical situation (Ethicon, Brazil). A drill with a micromotor under constant irrigation with sterile water was used to prevent death of bony cells due to thermal injury. The underlying dura mater was left injured. Skin was closed with 5-0 nylon. Absorbable sutures were not used to close the periosteum to avoid possible foreign body reactions.
Histological preparation
Samples of the cranial defects on the left and right sides were prepared for histological analyses of the animals killed at 12 weeks after surgery. The studied tissue samples were fixed in 10% formalin for 24 hours, decalcified in 5% formic acid for 48 hours, and embedded in paraffin. Two transverse sections in three animals were performed at the center of the defect covered with wax, measuring 5 µm thick, stained with hematoxylin and eosin, and examined by light microscopy. No signs of dehiscence were notice on the surgical wounds at the time of sacrifice. No macroscopic evidence of inflammation was noticed prior to sacrifice.
Radiographic analyses
Calvaria were imaged immediately after surgery and 12 weeks postoperatively by computerized tomography (n= 16 osseous defects). Imaging was reconstructed as three-dimensional isosurfaces using in Vesalius biomedical software (DT3D-CTIBrazil). Each three-dimensional image was evaluated at a critical threshold toll, with the densest intensity interpreted as bone. The area of the bone defect was measured in three-dimensional images using Magics 13.0 (Materialise-Belgic, Software CAD) at 0 and 12 weeks.
Percentage of bone formation
The percentage of bone formation was calculated as the difference between the initial area of bone defect from the area of the bone defect 12 weeks after surgery ×100, with the product then divided by the original defect area (18 mm 2 ). The deficit of bone formation caused by the bone wax was calculated as the difference of bone formation in the control group and the bone wax group.
Statistical analysis
The sizes of the cranial defects on the left and right sides as well as the amount of bone formation were compared using a paired t-test. All data were expressed as the mean ± SEM. A value of p<0.05 was considered statistically significant. All analyses were performed using SPSS Software release 10.0 (SPSS, Inc., Chicago, IL).
Results
The average area of the left side cranial defect was 13.15 ± 3.14 mm 2 , and the average area of the right side cranial defect was 9.84 ± 2.66 mm 2 . The average amount of bone formation of the left side was 4.85 ± 3.14 mm 2 , and the average amount of bone formation of the right side was 8.16 ± 2.66 mm 2 . Approximately one-third (26.9%) of the calvarial bone defects in the bone wax group were filled by bone, whereas 45.3% of the defects in the control group were healed (Figures 1 and 2) . Statistically significant differences between the amount of bone formation on the left and right (control) sides were seen (p=0.01), with an approximate 18.5% deficit in bone formation on the bone wax side (left) compared with the controls.
Histology
Overall, several histological findings were observed 12 weeks after surgery in three histological slides, including a nonspecific inflammatory response, foreign body reaction, marked fibrous tissue reaction, and infection. Young fibrous connective tissue and accumulation of lymphocytes and neutrophils were seen 12 weeks after surgery. Additionally, a small number of macrophages were also noticed at this time. At a higher magnification (×400), a neutrophilic exudate surrounded by fibrin and vessels, suggesting a microabscess formation, was seen (Figure 3) . Additionally, an abundant amount of fibrous tissue from a foreign body reaction was evident 12 weeks after surgery, lining the woven bone. There was also some local accumulation of multinucleated foreign body giant cells due to the presence of bone wax (Figures 4 and 5) . 
Discussion
In our study, a variety of histological findings were seen 12 weeks after surgery. Some of these findings were not expected at a late follow-up period, such as intense inflammation and neutrophilic exudate, which are suggestive of abscess and infection. No signs of dehiscence were noticed on the surgical wounds at the time of sacrifice, and thus these findings may be caused by the presence of bone wax. Inflammation (as evidenced by the presence of polymorphonuclear leukocytes), was also seen 12 weeks after surgery. Additionally, a significant amount of fibrous connective tissue, the most expected sign of histological reaction at this time, was also seen in our study. Our findings suggest that even long after surgery, a variety of early signs of inflammation can occur and lead to undesirable clinical consequences. The multinucleated foreign body giant cells confirmed an immunologic response against the bone wax.
It is well known that bone wax has deleterious consequences in bone healing and may contribute to postoperative complications [11] [12] [13] [14] [15] [16] [17] . However, bone wax has been used in craniofacial surgery because of its efficiency and low cost.
Several experimental studies have shown the potential of bone wax to impair osteogenesis 7, 18 , demonstrating impaired bone regeneration for tibial defects and cranial bone lesions 7 . There is a debate whether bone wax completely inhibits osteogenesis or simply diminishes the rate of bone formation, implying that bone wax could potentially block osteoblastic activities or serve as a mechanical barrier, interrupting its growth. In our study, bone formation in the cranial defect covered with wax occurred at a slower rate than the control, which implies that the amount of bone wax used in this experiment was insufficient to block osteoblastic activities, but sufficient to diminish the rate of bone formation. Thus, we hypothesize that bone wax causes a mechanical barrier to bone formation and does not inhibit osteoblastic activity. Several other variables may contribute to a delay in bone formation, such as injuries to the dura mater and periosteum, and thermal injuries caused by drilling holes with a high-speed drill, absence of irrigation, or use of a trephine 19 . To diminish any influence of thermal injuries and dura mater and periosteum lesions, the holes were drilled under constant irrigation and the use of trephine was avoided. The periosteum and dura mater were also carefully assessed immediately after craniotomy. Therefore, we suggest that none of these variables had an important impact on bone formation but that the deficit in bone formation was exclusively related to the action of the bone wax.
We assessed bone healing 12 weeks after surgery, considering that bone healing might plateau between 4 to 12 weeks after surgery. Additional healing over an 8-week time frame was described 20 , and for that reason we sacrificed all animals after 12 weeks after surgery considering the potential healing between 8-week and 12-week time frame.
No additional healing is expected at 12 weeks after surgery as previously showed 10 . We defined long-term evaluation as the longest period of postoperative care during which bone formation had stopped and no additional healing would be found. Thus, a 12-week time point was the optimal time to evaluate the clinical consequences and side effects of bone wax.
Czerwinski et al. 21 reviewed morbidity and mortality rates during craniofacial surgeries and found an important correlation between mortality during major craniofacial procedures and significant blood loss during surgery: 50% of mortality in major craniofacial procedures was attributed to blood loss. Thus, it is necessary to improve surgical methods to avoid serious complications. Recombinant erythropoietin, blood salvage with a "cell saver" device, routine use of electrocautery, and bone wax were all suggested to likely reduce overall blood loss and mortality rate 22 . However, even if bone wax significantly impairs osteogenesis, it might be beneficial by diminishing blood loss, and consequently, reducing morbidity and mortality rates. On the other hand, infection, potential loss of bone grafts, and impairment of osteogenesis in craniotomy sites might outweigh the benefits of bone wax.
Conclusion
Bone wax significantly diminished the rate of bone formation in a calvarial bone defect, leading to an approximate 18.5% deficit in bone healing and causing infection and fibrosis in an animal model 12 weeks after surgery.
